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In the yeast Saccharomyces cerevisiae, the G
protein bg subunits are essential for phero-
mone signaling. The Ga subunit Gpa1 can also
promote signaling, but the effectors in this
pathway are not well characterized. To identify
candidate Gpa1 effectors, we expressed the
constitutively active Gpa1Q323L mutant in each
of nearly 5000 gene-deletion strains and mea-
sured mating-specific responses. Our analysis
reveals a requirement for both the catalytic
(Vps34) and regulatory (Vps15) subunits of the
sole phosphatidylinositol 3-kinase in yeast.
We demonstrate that Gpa1 is present at endo-
somes, where it interacts directly with both
Vps34 and Vps15 and stimulates increased pro-
duction of phosphatidylinositol 3-phosphate.
Notably, Vps15 binds to GDP-bound Gpa1
and is predicted to have a seven-WD repeat
structure similar to that of known G protein
b subunits. These findings reveal two new com-
ponents of the pheromone signaling pathway.
More remarkably, these proteins appear to
comprise a preformed effector-Gb subunit as-
sembly and function at the endosome rather
than at the plasma membrane.
INTRODUCTION
G protein-coupled receptors respond to a vast array of
chemical and sensory signals and are conserved in organ-
isms as diverse as humans, yeasts, and plants. According
to the prevailing paradigm, agonist stimulation of a recep-
tor promotes the exchange of GDP for GTP on the G pro-
tein a subunit. GTP binding triggers a conformational
change leading to dissociation of Ga from the G protein
bg subunits (Sprang, 1997). The dissociated Ga or Gbg
subunits can then activate downstream effector proteinsthat produce a second messenger. Typically, these early
activation events occur at the plasma membrane but
lead to global changes within the cell, including protein
phosphorylation, new gene transcription, and ultimately
changes in cell homeostasis or differentiation (Neves
et al., 2002).
In the yeast Saccharomyces cerevisiae, a G protein sig-
naling apparatus is required for cell-cell communication
leading to mating. Haploid a and a cells secrete type-spe-
cific pheromones (a factor and a factor) that promote cell
fusion and the formation of an a/a diploid. Events leading
up to mating include cell division arrest, new gene tran-
scription, andmorphological changes.Most of thecompo-
nents of the G protein-signaling cascade in yeast have
been identified genetically, through isolation of mutants
that exhibit a mating-deficient (sterile) phenotype. Among
these are genes that encode the receptor for a factor pher-
omone (Ste2), the Gprotein b and g subunits (Ste4, Ste18),
components of amitogen-activated protein kinase (MAPK)
cascade (Ste20, Ste11, Ste7, and Fus3), a kinase scaffold
protein (Ste5), and a transcription factor (Ste12). Inactivat-
ing mutations in the Ga gene GPA1 do not block phero-
mone responses but rather produce a constitutive signal,
apparently due to uncontrolled pathway activation by
free Gbg (reviewed in Dohlman and Thorner, 2001). These
findingsprovidedearly evidence thatGbg is necessary and
sufficient for mating responses and that Gpa1 functions
primarily to constrain the levels of free Gbg.
More recent studies in a variety of organisms have re-
vealed examples of cooperative or antagonistic regulation
of signaling pathways by both the Ga and Gbg subunits
(Jordan et al., 2000). That precedent prompted us to
examine whether Gpa1 also initiates events leading to
mating in yeast. Indeed, we found that a permanently ac-
tivated (GTPase-deficient) mutant form of Gpa1 triggers
some of the same responses induced by Ste4-Ste18, in-
cluding new gene transcription and morphological
changes (but not growth arrest). We also identified by
two-hybrid analysis a candidate effector protein, the poly-
ribosome-associated RNA binding protein Scp160.
Scp160 expression is required for efficient Gpa1 signaling,
and the Scp160 complex appears to bind preferentiallyCell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc. 191
to the activated form of Gpa1, in the manner of a true
effector (Guo et al., 2003).
Here we examine whether additional Ga effectors might
exist in yeast. We considered this likely because deletion
of the SCP160 gene results in only partial inhibition of
the Gpa1Q323L signal (Guo et al., 2003) (data not shown).
Moreover, multiple effectors are common in G protein sig-
naling systems. For instance, in yeast the Gbg subunits
bind to at least three different effector proteins at the
plasma membrane, including Ste20, Ste5, and Cdc24.
Gbg binding to Ste20 and Ste5 results in activation of
the MAPK cascade leading to new gene transcription,
while activation of Cdc24 (in complex with Far1) is re-
quired for the morphological changes that occur in prepa-
ration for cell fusion (Dohlman and Thorner, 2001). To
identify additional effectors for Ga, we used a more sys-
tematic approach in which we monitored transcriptional
activation in each of approximately 5000 strains, each
lacking a unique open reading frame (Chasse and Dohl-
man, 2004; Winzeler et al., 1999). A major advantage of
such a genome-scale screening strategy is that the iden-
tity of each mutant is known, so new pathway compo-
nents are immediately identified and false negatives are
readily eliminated. Moreover, by using a highly specific
reporter assay, only components of the mating pathway
are identified, while false positives are easily excluded.
Our analysis reveals that signaling by Gpa1 requires the
core components of the only phosphatidylinositol (PtdIns)
3-kinase in yeast, Vps34 and Vps15. Unlike previously
identified effectors, both Vps34 and Vps15 are located
at subcellular compartments rather than at the plasma
membrane. We found that the GTP-bound form of Gpa1
binds directly and selectively to the catalytic subunit
Vps34, promotes increased PtdIns 3-P production, and
triggers the recruitment of a PtdIns 3-P binding protein
Bem1 to the endosome. In contrast, it is the GDP-bound
form of Gpa1 that binds to Vps15, in the manner that G
protein a subunits bind to known G protein b subunits.
We propose a novel mechanism of G protein-effector in-
teraction in which a Gb-like protein (Vps15) exists in a pre-
formed complex with the effector enzyme (Vps34), and Ga
shuttles between these components during the cycle of
pathway activation and inactivation.
RESULTS
To identify novel effectors for Gpa1, we monitored the
transcription induction response in each of 4847 yeast
gene-deletion strains. Pathway activity was measured us-
ing a transcription reporter comprised of a pheromone-in-
ducible promoter from FUS1 and the b-galactosidase
(lacZ) gene. To conduct this analysis on several thousand
strains, we adapted the assay to a 96-well microplate for-
mat and employed a robotic liquid-handling system
(Chasse and Dohlman, 2004). Mutant arrays were trans-
formed with a single plasmid containing GPA1Q323L and
the FUS1-lacZ reporter. Transformed cells were then
grown in 96-well microplates, and b-galactosidase activity192 Cell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc.was measured spectrofluorometrically (Chasse and Dohl-
man, 2004). The GPA1Q323L-mediated transcription re-
sponse was tabulated for each strain, and any mutant
that exhibited less than 30% of full activity was rearrayed
and retested twice more. A small number of mutants were
not tested because they repeatedly failed plasmid trans-
formation or failed to grow to a suitable cell density (data
not shown). Known sterile mutants were also excluded,
in accordance with our goal to identify components re-
quired for signaling by Gpa1 specifically.
After the initial rounds of screening, cells were retrans-
formed with the FUS1-lacZ reporter and GPA1Q323L
mutant on separate plasmids and retested using a panel
of functional assays. Table 1 lists seven mutants that
reproducibly suppressed Gpa1Q323L signaling by every
measure. First, we confirmed a reduction in activity using
the reporter transcription assay, but in this case using
a more stringent cut-off (<15% of full activity). Results for
two of the deletion strains, vps15D and vps34D, are pre-
sented in Figure 1A. Second,we confirmed thatGpa1Q323L
was fully expressed in every transformant (data not
shown). Third, we examined the cell morphology of each
strain. We had observed previously that Gpa1Q323L pro-
motes an enlarged and elongated cell morphology
(‘‘shmoo’’) typical of that seen following exposure to pher-
omone (Guo et al., 2003). Each of the mutant strains listed
in Table 1 suppressed the ability of Gpa1Q323L to induce
shmoo-likemorphological changes in >85%of cells. How-
ever, these shmoo-like cells continue to bud and divide,
confirming that Gpa1 signaling does not lead to cell divi-
sion arrest (Guo et al., 2003).
Of the validated mutant strains, those lacking Vps34
and Vps15 were of particular interest because these pro-
teins comprise the catalytic and regulatory subunits,
respectively, of the sole PtdIns 3-kinase in yeast (Schu
et al., 1993; Stack et al., 1993; Vanhaesebroeck et al.,
2001). Members of the class I family of mammalian PtdIns
3-kinases are well known as effectors for G protein signal-
ing; however, a similar activity has not been demonstrated
for members of the class III/Vps34 family.
To further confirm that Vps34 and Vps15 are required for
proper signaling, we transformed the deletion strains with
a single-copy plasmid containing the absent wild-type
gene and showed that this restored the ability of each mu-
tant to respond toGpa1Q323L in both the reporter transcrip-
tion (Table 1 and Figure 1A) and cell morphology assays
(Table 1 and Figure 1E). We then considered whether
PtdIns 3-kinase is required for full MAPK activation.
Whole-cell extracts were probed by immunoblotting using
phospho-p42/p44 antibodies, which recognize the phos-
phorylated andactivated formof both Fus3andKss1 (Sab-
bagh et al., 2001). As shown in Figure 1B, Fus3 phosphor-
ylation was elevated in cells expressing Gpa1Q323L, and
this response was strongly attenuated in both the vps15D
and vps34D strains. Kss1 phosphorylation was also ele-
vated by Gpa1Q323L, but in this case the activity was undi-
minished in the two mutant strains. Gpa1Q323L responses
were likewise diminished by mutational inactivation of
Table 1. Genes Required for Gpa1Q323L Signaling
Systematic
Name
Standard
Name Function
Gpa1Q323L
Responsea
Plasmid
Rescue
a Factor
Max Responseb
a Factor
LogEC50, M
b,c
YOR080W DIA2d component of the SCF
ubiquitin ligase
complex; regulates
invasive growth and
protein ubiquitination
12.7% ± 1.2% yes 77.8% ± 2.0% 5.88 ± 0.06
YLR407W N/A protein of unknown
function; localized to
cell periphery
7.5% ± 0.4% yes 97.7% ± 0.8% 6.20 ± 0.02
YLR262C YPT6 small GTPase; regulates
intracellular protein
transport
16.1% ± 1.4% yes 68.2% ± 1.2% 6.06 ± 0.04
YNL162W RPL42A cytoplasmic large
ribosomal subunit
10.0% ± 0.5% yes 78.1% ± 0.6% 6.27 ± 0.02
YDR028C REG1 cytoplasmic protein
phosphatase regulator;
controls carbohydrate
metabolism and stress
response
3.4% ± 0.1% yes 85.5% ± 1.8% 6.10 ± 0.04
YLR240W VPS34 phosphatidylinositol
3-kinase; regulates
lipid-mediated
signaling and
protein-vacuolar
targeting
9.2% ± 0.7% yes 48.1% ± 1.2% 4.81 ± 0.03
YBR097W VPS15 protein kinase required
for Vps34 activity;
regulates protein-
vacuolar targeting
9.0% ± 1.8% yes 68.5% ± 1.7% 5.07 ± 0.04
aFUS1 reporter transcription response was measured in the indicated gene deletion strain expressing Gpa1Q323L.
b Transcription response with a Factor pheromone; a Factor maximum response and LogEC50 data derive from nonlinear regres-
sion analysis (sigmoidal dose-response).
c LogEC50 for wild-type strain BY4741 is 5.85 ± 0.03 M.
ddia2D strain displays shmoo-like morphology without Gpa1Q323L.PtdIns 3-catalytic activity (Figures 1A, 1C, and 1E) (Kihara
et al., 2001; Schu et al., 1993; Stack et al., 1995b) or by
treatment with a pharmacological inhibitor of Vps34 (wort-
mannin, Figure 1D) (Stack and Emr, 1994). Vps15 can also
function as a protein kinase, and this kinase activity was
likewise required for full Gpa1Q323L signaling activity (Stack
et al., 1993) (Figures 1A, 1C, and 1E).
It was previously established that Vps34 exists in a mul-
tiprotein complex that contains Vps15 as well as Vps30
and either Vps38 or Atg14 (Aloy et al., 2004; De Camilli
et al., 1996; Kihara et al., 2001; Stack et al., 1995a). Dele-
tion of VPS30 or VPS38 results in a strong vacuolar sorting
defect similar to vps15 and vps34 (Bonangelino et al.,
2002a). However, neither of these other components
was required for Gpa1Q323L signaling (Figure 1A).
Whereas Ste4 and Ste18 are required for pheromone
signaling, overexpression of Gpa1Q323L (Gpa1-GTP) was
previously shown to augment the signal over a wide range
of pheromone concentrations (Guo et al., 2003). Thus, anymutants that block Gpa1-mediated signaling would be ex-
pected to diminish but not eliminate the response to pher-
omone. Eachmutant listed in Table 1 was exposed to a full
range of pheromone concentrations and monitored for
changes in b-galactosidase induction. The vps15D and
vps34D mutants exhibited significant increases in the
EC50 of 4.5- and 7.6-fold, respectively (Table 1 and
Figure 2A). This unusual phenotype was not observed
for any of the other mutations listed in Table 1, nor was it
observed for any other component of the PtdIns 3-kinase
complex. Indeed, an increase in the EC50 has only been
reported once before, in an earlier screen of the same
gene-deletion collection (note that vps15 and vsp34
were not represented in the collection at the time) (Chasse
et al., 2006).
Having established that Vps15 and Vps34 regulate the
pheromone-dependent transcription response, we next
examined whether these proteins alter any other aspect
of pheromone signaling. Using the growth arrest plateCell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc. 193
Figure 1. VPS34 and VPS15 Are Required for Gpa1Q323L Signaling
(A) Transcriptional activation (b-galactosidase activity) was measured spectrofluorometrically in wild-type, and the indicated mutant cells were trans-
formedwith plasmid pRS423 containing a pheromone-inducible reporter (FUS1-lacZ), plasmid pAD4McontainingGpa1Q323L or no insert (vector), and
plasmid pRS316 containing either VPS34 (pVPS34), vps34N736K mutant lacking PtdIns 3-kinase activity (pVPS34 N736K), VPS15 (pVPS15), vps15E200R
mutant lacking protein kinase activity (pVPS15E200R), or no insert, as indicated. Data are the mean ± SEM of two to three independent experiments
performed on two to six colonies in duplicate.
(B) Wild-type or the indicated gene-deletion strains were transformedwith plasmid pAD4M containingGpa1Q323L or no insert (vector) and analyzed by
immunoblotting using antibodies against p42/p44 (phospho-MAPK) or Pgk1 (loading control), as described in Experimental Procedures. WT,
wild-type.
(C) The same cells as in panel (A) were analyzed by immunoblotting with p42/p44 antibodies.
(D) Wild-type cells were treated with 3 mM wortmannin for 1 hr and analyzed by immunoblotting with p42/p44 antibodies.
(E) The same cells as in panel (A) were visualized by differential interference contrast microscopy.assay (halo assay), we found that cells lacking VPS15 or
VPS34 exhibit zones of growth inhibition that were consid-
erably more turbid than normal, indicating a diminished or
more transient response to pheromone (data not shown).
Using the MAPK activity assay we found that phero-
mone-induced Fus3 phosphorylation was attenuated in
both the vps15D and vps34D strains, while Kss1 phos-
phorylation was undiminished (Figure 2C). This pattern of
selective MAPK modulation is consistent with that ob-
served above for Gpa1Q323L. Pheromone responses were
likewise diminished by mutational inactivation of Vps15
andVps34 catalytic activity (Figures 2Band2D) or by treat-
ment with the pharmacological inhibitor wortmannin
(Figure 2F). Finally, both the vps34D and vps15D strains
mated with substantially diminished efficiency (Figure 2E).
Collectively, the transcription induction, growth arrest,
MAPK activation, and mating efficiency assays all reveal194 Cell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc.a diminished response to pheromone when PtdIns 3-
kinase activity is absent or inhibited.
Having established for Vps34 and Vps15 a physiological
role in the mating pathway, we next investigated the mo-
lecular basis for their activity and in particular whether
Gpa1 interacts with Vps34 or Vps15 in the manner of
known effectors. First we examined whether these pro-
teins colocalize within the cell. Vps15 and Vps34were pre-
viously shown by cell fractionation and fluorescence mi-
croscopy methods to be present at the endosome, as
well as at Golgi and vacuolar membranes (Herman et al.,
1991a; Huh et al., 2003). Additionally, Vps15 is myristoy-
lated, and this lipid modification appears to be required
to anchor Vps15 and its binding partner Vps34 to the
membrane (Herman et al., 1991b; Stack et al., 1993).
Gpa1 is enriched at the plasma membrane (together
with the Gbg subunits) but has also been detected at
Figure 2. VPS34 and VPS15 Promote Pheromone Signaling
(A and B) Transcriptional activation (b-galactosidase activity) in response to a factor addition was measured spectrofluorometrically in wild-type, and
the indicatedmutant cells were transformedwith plasmid pRS423 containing a pheromone-inducible reporter (FUS1-lacZ) and plasmid pRS316 con-
taining either VPS34 (pVPS34), vps34N736K mutant (pVPS34 N736K), VPS15 (pVPS15), vps15E200R mutant (pVPS15E200R), or no insert, as indicated.
Data were analyzed by nonlinear regression using GraphPad Prism software. Shown is one representative experiment, each performed using four
to six colonies in duplicate. Inset to panel (A): EC50 for a factor was determined by nonlinear regression analysis; data shown are the mean ± SEM
of two to five independent experiments.
(C) Wild-type or the indicated gene-deletion strains transformed with plasmid pAD4M were grown to mid-log phase, treated with 3 mM a factor, and
analyzed by immunoblotting using antibodies against p42/p44 (phospho-MAPK) or Pgk1 (loading control). WT, wild-type.
(D) The same strains were transformed with plasmid pRS316 containing either VPS34, vps34N736K, VPS15, vps15E200R, or no insert, as indicated,
treated with 3 mM a factor, and analyzed by immunoblotting using antibodies against p42/p44.
(E) Mating efficiency of vps34D or vps15Dmutant cells was calculated as percent of mating in wild-type cells. Data are means ± SEM of two exper-
iments performed in duplicate.
(F) Wild-type cells were treated with 3 mMwortmannin for 1 hr followed by 3 mM a factor for 40min and then analyzed by immunoblotting with p42/p44
antibodies.intracellular membrane compartments (Dohlman et al.,
1996; Huh et al., 2003; Wang et al., 2005). To determine
whetherGTP-activatedGpa1 is present at the same cellu-
lar compartment as its putative target, we tracked the lo-
calization of Gpa1Q323L fused to red fluorescent protein
(RFP) or green fluorescent protein (GFP). Whereas wild-
type Gpa1 was predominantly localized at the plasma
membrane, Gpa1Q323L was concentrated instead at dis-
crete spots within the cell. This punctate distribution
matched that of Vps34 and the endosome-specificmarker
protein Snf7, each coexpressed in the same cell (Figure 3).
In contrast, there was little or no overlap with a panel of si-milarly tagged markers for other organelles (Huh et al.,
2003).
There is evidence in other systems that Gbg helps to re-
cruit Ga subunits to the plasma membrane (Sternweis,
1986). Thus, we considered whether binding to Vps15 or
Vps34 might recruit Gpa1 to endosomes. In this case, de-
letion of either protein resulted in diminished endosomal
localization of Gpa1 or Gpa1Q323L, with a concomitant in-
crease in plasma membrane-associated protein. In con-
trast, endosomal localization was preserved in cells where
PtdIns 3-kinase activity was inhibited with wortmannin
(data not shown). Thus, just as Ste4-Ste18 recruits Gpa1Cell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc. 195
Figure 3. Gpa1Q323L Localization at En-
dosomes
Fluorescence microscopy of wild-type strains
transformed with Gpa1Q323L -GFP or
Gpa1Q323L-RFP and containing the endosomal
markers Vps34-GFP, Snf7-GFP, or Snf7-RFP
(Huh et al., 2003). Note that expression of
Snf7-GFP results in an enlarged endosome
morphology. Cells were photographed through
GFP and RFP filters in rapid succession and
analyzed with MetaMorph version 5.0 soft-
ware.to the plasma membrane, Vps15 and Vps34 direct Gpa1
to the endosome.
Any effector will, by definition, bind and respond only to
the GTP-activated form of the G protein. Thus, we investi-
gated whether Vps34 or Vps15 bind directly to Gpa1 and
whether these interactions depend on the activation state
of the G protein. Vps34 and Vps15, each fused to the TAP
epitope, were coexpressed with Gpa1Q323L or Gpa1 as
a control. Whereas Vps15 copurified preferentially with
unactivated Gpa1, Vps34 bound equally to the active
(Gpa1Q323L) and unactivated wild-type form of the protein
(Figure 4A). It was established previously that Vps15 inter-
acts with Vps34 (Kihara et al., 2001; Stack et al., 1993);
thus, Gpa1 could bind directly to Vps15 and only indirectly
to Vps34, or vice versa. Alternatively, there could be an-
other, as yet unidentified, bridging protein between
Gpa1 and the PtdIns 3-kinase. To distinguish between
these possibilities, we asked whether Gpa1 binds to
Vps15 or Vps34 directly. All three proteins were expressed
in E. coli, affinity purified, and reconstituted in the pres-
ence of GDP or GDP plus AlF4
 (a transition state mimic
that induces the activated conformation of Ga). As shown
in Figure 4C, Vps15 bound directly and preferentially to the
unactivated form of Gpa1, in accordance with the yeast
purification results presented above. Vps34 also bound
directly to Gpa1, but in this case binding was enhanced
by GDP-AlF4
. Taken together, these results suggest
that the activated and unactivated forms of the Ga protein
bind to different components of the PtdIns 3-kinase com-
plex. Whereas activated Gpa1 binds directly to Vps34, in
the manner of known effectors, the unactivated form of196 Cell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc.Gpa1 binds to Vps15, in the manner of the Gbg dimer.
Since Vps34 exhibits guanine nucleotide-independent in-
teraction with Gpa1 in vivo, we postulate that Vps34 binds
directly to Gpa1-GTP and indirectly to Gpa1-GDP via
Vps15 (see below, Figure 6).
Finally, we investigated whether activated Gpa1 stimu-
lates Vps34 PtdIns 3-kinase activity. Enzymes of this type
phosphorylate PtdIns at the 30 hydroxyl of the inositol ring.
If Vps34 is a true effector for Gpa1, then permanently ac-
tivated Gpa1 should result in constitutively elevated levels
of PtdIns 3-P. To test this prediction, wild-type cells trans-
formed with Gpa1Q323L or a vector control were grown in
the presence of [3H]-myo-inositol. Labeled lipid products
were extracted, resolved chromatographically, and quan-
titated. As shown in Figure 5A expression of activated
Gpa1Q323L produced a significant increase in cellular
PtdIns 3-P, while other PtdIns products were unchanged.
PtdIns 3-P production was no longer induced in a ste4D
strain, consistent with the loss of Gpa1Q323L signaling in
this mutant (Figures 1B and 2C) (Guo et al., 2003), and
was undetectable in the vps15D and vps34D mutants
(Wenk et al., 2003; Wymann and Pirola, 1998). To corrob-
orate these results, we also examined whether Gpa1 acti-
vation was sufficient to recruit a PtdIns 3-P binding protein
to the endosome. Proteins with a FYVEdomain or a PX do-
main that bind to PtdIns 3-P with high affinity are typically
localized at the endosome (Huh et al., 2003; Lemmon,
2003; Ponting, 1996; Stenmark et al., 1996; Vollert and
Uetz, 2004; Yu and Lemmon, 2001). For our experiments,
we examined the localization of Bem1-GFP, which has
a PX domain with low affinity for PtdIns 3-P (Yu and
Figure 4. Gpa1 Binds to Vps34 and Vps15
in a Guanine Nucleotide-Dependent
Manner
(A) Soluble extracts from cells expressing the
indicated TAP fusion proteins or no fusion
(WT) and transformed with plasmid pAD4M ex-
pressing Gpa1 or Gpa1Q323L were mixed with
calmodulin affinity beads, eluted with SDS-
PAGE sample buffer, resolved by 7.5% SDS-
PAGE, and analyzed by immunoblotting using
antibodies against Gpa1. (B) Cells expressing
the indicated TAP fusion proteins or no fusion
and transformed with plasmid pYES containing
FLAG-Ste4 were grown in SCG selective me-
dium. Cell extracts were mixed with calmodulin
affinity beads, eluted with SDS-PAGE sample
buffer, resolved by 10% SDS-PAGE, and ana-
lyzed by immunoblotting with anti-FLAG anti-
bodies. (C) GST-Vps34 and GST-Vps15 par-
tially purified from E. coli were reconstituted
with purified 6His-Gpa1, in the presence or ab-
sence of 10 mM NaF and 30 mM AlCl3 (AlF4
).
Proteins were mixed with Glutathione Sephar-
ose 4B resin, eluted with SDS-PAGE sample
buffer, resolved by 10% SDS-PAGE, and
analyzed by immunoblotting with anti-Gpa1
and-GSTantibodies.PD,pulldown; IB, immuno-
blot; WCE, whole-cell extract loading control.Lemmon, 2001). Bem1 does not normally localize at the
endosome, but rather at the cell periphery, bud neck,
and bud tips. In agreement with the model, we observed
Bem1-GFP recruitment to the endosome of cells activated
with Gpa1Q323L (Figures 5C and 5D). Moreover, deletion of
VPS34 selectively blocked localization to the endosome
but not the plasma membrane (Figure 5C). Taken together
these data reveal that Gpa1 binds selectively and directly
to the PtdIns 3-kinase, and the consequent increase in
PtdIns 3-P levels is sufficient to promote binding of PX do-
main proteins to the site of product synthesis.
DISCUSSION
The yeast pheromone response pathway represents one
of the best-characterizedmodels for the study of G protein
signaling and regulation. Here we report two new compo-
nents and three novel features of the pathway that we be-
lieve will be more generally applicable to other G protein
signaling systems. Specifically, we demonstrate that
Gpa1 signaling occurs on the endosomal surface rather
than at the plasma membrane where G proteins and their
known binding partners are usually found. Second, we fur-
ther show that the endosomal PtdIns 3-kinase Vps34 cat-
alytic subunit is a direct binding partner for the GTP-acti-
vated form of Gpa1. This interaction leads to elevated
production of PtdIns 3-P and is consistent with Gpa1 stim-
ulating Vps34 PtdIns kinase activity. The resulting eleva-
tion in PtdIns 3-P levels is sufficient to drive recruitment
of Bem1 to the endosome. Finally, we demonstrate that
the Vps15 subunit of the Vps15-Vps34 complex is a direct
binding partner for the ground-state GDP-bound form ofGpa1. This interaction suggests that Vps15 may function
in a capacity similar to Gb subunits in modulating Gpa1
signaling and implies an exquisite regulation of Gpa1 sig-
naling through the Vps15-Vps34 module.
An open question is how Vps34 modulates pheromone
responsiveness. Vps34 is a class III PtdIns 3-kinase, one
of a broad group of enzymes that phosphorylate phospha-
tidylinositol at the 30 hydroxyl position. Vps34 is evidently
the only PtdIns 3-kinase in yeast, since a null mutant ex-
hibits no PtdIns 3-kinase activity and contains no detect-
able PtdIns 3-P (Figure 5) (Auger et al., 1989; Schu et al.,
1993; Wenk et al., 2003). Moreover, Vps34 phosphory-
lates only phosphatidylinositol and produces only PtdIns
3-P (Schu et al., 1993; Stack et al., 1995a; Stack and
Emr, 1994; Stack et al., 1995b). This is in contrast to class
I and class II PtdIns 3-kinases, which employ as sub-
strates a variety of 40 and 50 phosphorylated phosphatidy-
linositols. Thus, Gpa1 binding to Vps34 could function to
increase production of the second messenger PtdIns
3-P. In contrast to other well-known signaling molecules
such as cAMP and calcium, however, phospholipid sec-
ond messengers cannot diffuse freely within the cyto-
plasm and instead remain stably associated with the
membrane near their site of synthesis (Gillooly et al.,
2000). Thus, PtdIns 3-P likely serves as a highly specific
marker of subcellular localization as well as of G protein
activity.
Another hallmark of second messengers is that they are
often strongly induced in response to a cellular signal. Dy-
namic regulation of Vps34 activity has been difficult to de-
tect in the past (Auger et al., 1989), although it has been
shown to be activated under stress conditions (DoveCell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc. 197
Figure 5. Gpa1Q323L Promotes an In-
crease in Cellular PtdIns 3-P
Cells transformed with plasmid pAD4M con-
taining GPA1Q323L or no insert were grown in
the presence of [3H]-myo-inositol. Lipids were
extracted, deacylated, and analyzed by HPLC
using an in-line radiation detector. The area
under each peak was integrated and the data
converted to percentage of total lipid using 32
Carat software. Data were further analyzed
using GraphPad Prism software. (A) [3H]-myo-
inositol incorporation in wild-type cells. Data
are means ± SEM of four independent experi-
ments performed in triplicate. (B) [3H]-myo-ino-
sitol incorporation into the cellular pool of
PtdIns 3-P [PtdIns(3)P] in wild-type (WT) and
ste4D, vps34D, or vps15D mutant cells. Data
are means ± SD of one representative experi-
ment. (C and D) Wild-type or vps34D mutant
cells containing Bem1-GFP or Snf7-RFP (Huh
et al., 2003) were transformed with plasmid
pAD4M containing Gpa1Q323L or no insert
(Vector, a factor), grown with or without 3 mM
a factor for 1 hr, and then photographed
through GFP and RFP filters in rapid succes-
sion.et al., 1997) and there is at least one report of Vps34-de-
pendent signaling by a G protein-coupled receptor (Wind-
miller and Backer, 2003). In neither case, however, is the
mechanism of regulation known. Despite the small differ-
ences in activity reported here, we believe they are phys-
iologically significant. A recent analysis of FYVE domains
and FYVE-domain mutants was carried out in conjunction
with in vitro membrane binding assays, subcellular locali-
zation determinations, and protein conformation analyses
(Blatner et al., 2004). These investigations demonstrated
that a <2-fold change in membrane binding affinity is suf-
ficient to fully disrupt localization of FYVE domains at the
endosome. This unusually sharp cut-off in the affinity-ac-
tivity relationship indicates that small changes in PtdIns
3-P have significant consequences for the localization and
activity of PtdIns 3-P binding partners. In support of the
concept, we observed relocalization of a low-affinity PX-
domain protein in cells activated by Gpa1. Other dynamic
structural changes such as a PtdIns 3-P-induced protein
conformational change could further contribute to alter-
ations in membrane binding. In any case, it is evident
that membrane targeting can be switched on and off by
small changes in phospholipid concentrations. Larger in-
creases appear to be deleterious, since a <4-fold increase198 Cell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc.in PtdIns 3-P was recently shown to cause cell death in
yeast (Parrish et al., 2004; Parrish et al., 2005).
Another possibility is that PtdIns 3-P has a cellular func-
tion that is indirectly linked to pheromone sensitivity, for
example in mediating membrane lipid composition or or-
ganelle structure. Most of the vps genes were identified
genetically as mutants that incorrectly deliver vacuolar
proteases to the cell surface. Thus, vps15 and vps34 ex-
hibit defective vacuolar protein transport and contain ab-
normally large vacuoles that occasionally contain vesicles
and Golgi-related membrane structures (Banta et al.,
1988; Herman and Emr, 1990; Herman et al., 1991a,
1991b; Robinson et al., 1988; Schu et al., 1993; Stack
et al., 1995a; Stack and Emr, 1994; Stack et al., 1993).
There is also evidence that Vps34 is needed for proper for-
mation of cytoplasm-to-vacuole targeting vesicles
(Wurmser and Emr, 2002), for efficient endocytosis, and
for maintaining cell wall integrity (Takahashi et al., 2001).
Thus, PtdIns 3-P could promote vesicle-mediated traffick-
ing of some critical signaling protein whether or not that
protein actually binds PtdIns 3-P. This cannot be its only
role in signaling, however, since other vps mutants pro-
duce little or no change in Gpa1Q323L activity (Figure 1
and data not shown). Indeed, there is remarkably little
Figure 6. Model of Gpa1 Binding and
Activation of PtdIns 3-Kinase Compo-
nents at the Endosome
(A) Activation of the receptor (Ste2) by a factor
pheromone (aF) leads to GDP-GTP exchange
and dissociation of the G protein a (Gpa1)
and bg (Ste4-Ste18) subunits (‘‘1’’). Gbg acti-
vates several effectors, including Far1 (scaffold
for Cdc24), Ste5 (scaffold for MAPK), and
Ste20 (MAPK kinase kinase kinase). Gpa1, ei-
ther activated (‘‘2’’) or unactivated (‘‘3’’), could
translocate to the endosome (bottom). Activa-
tion by endocytosed Ste2 or another unknown
exchange factor (GEF) (‘‘4’’) leads to GDP-GTP
exchange and dissociation of Ga (Gpa1) from
the Gb-like protein Vps15. Gpa1-GTP binds se-
lectively and directly to the catalytic subunit
Vps34 and promotes increased PtdIns 3-P pro-
duction [PI(3)P]. PtdIns 3-P recruits proteins
containing FYVE domains and PX domains to
the endosome. Unlike typical Gb proteins,
Vps15 is stably associated with the effector,
is present at the endosome membrane (EM) in-
stead of the plasma membrane (PM), and is
myristoylated instead of prenylated (squiggles).
(B) A seven-bladed propeller model of the C-
terminal WD repeat domain of Vps15 was con-
structed using the known Gbt structure (PDB
ID 1A0R). The model of the Vps15 propeller
(magenta) is superimposed on the Gbt tem-
plate (cyan). Insert sequences unique to
Vps15 are highlighted in green. The residues
in the critical positions typically occupied by
Trp-Asp (‘‘WD,’’ after which the repeat is
named) are colored yellow and are in a space-
filling rendering. In the modeled structure,
Vps15 residues 1026–1069 form the a-helical
domain, while residues 1070–1453 form the propeller domain. The residues modeled as the a-helical domain in Vps15 have some a-helical propen-
sity, but the domain is not predicted with confidence by the fold-recognition servers. In the left panel, the molecules are oriented to display the Ga-
interacting surface. The orientation in the right panel reflects a 90º rotation about the horizontal axis to show the side of the propeller domain.overlap among the mutants identified in our screen with
those identified in a comprehensive screen for vacuolar
protein sorting mutants, carried out using the same
gene-deletion collection (Bonangelino et al., 2002a).
That screen identified 46 mutants that exhibited ‘‘strong’’
missorting of a vacuolar protease to the cell surface. The
vacuolar sorting mutants included most components of
the PtdIns 3-kinase complex (vps34, vps30, and vps38);
notably, only vps34was also fully defective inGpa1 signal-
ing (Figure 1A). Given the remarkable lack of overlap in
these two studies, it seems unlikely that the pheromone
signaling phenotype observed here is the result of some
global defect in membrane trafficking.
Two particularly unusual aspects of Gpa1 signaling
merit further discussion. The first is its unusual GDP-
dependent association with Vps15. We postulate that
Vps15 functions like a Gb protein, but one specifically
associated with the endosome rather than the plasma
membrane. One signature property of Gb subunits is the
recruitment of Ga proteins to the membrane (Sternweis,
1986). We established here that Vps15 recruits Gpa1 to
the endosome. Another signature of Gb subunits is acharacteristic domain structure composed of seven WD
repeats that form a seven-bladed propeller (Figure 6)
(Sondek et al., 1996). Our homology modeling analysis re-
vealed striking structural similarities between Gb proteins
and Vps15; all of the highest scoring and most frequently
obtained models predict a seven-bladed structure similar
to that established previously from X-ray crystal structure
determinations of mammalian Gb proteins (Lambright
et al., 1996; Sondek et al., 1996; Wall et al., 1995). How-
ever, our efforts to dock Gpa1 onto the b propeller domain
of Vps15 (using a similar orientation to that of known Gb
proteins) revealed no conserved interactions, indicating
that the Gpa1-Vps15 interface must differ from that of
more typical Ga-Gb pairs.
One remaining question concerns the functional rela-
tionship between the canonical and noncanonical Gb sub-
units, Ste4 and Vps15. If these proteins function in parallel
pathways, why are both required to sustain Gpa1 signal-
ing? We speculate that Ste4 may be required for the
activity or expression of some component(s) shared by
both pathways, which is in turn needed to sustain the
Gpa1-mediated response. A similar mechanism hasCell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc. 199
been proposed to explain why Ste4 is needed to sustain
signaling by constitutively active variants of Ste5 and
Ste11, despite their well-established functions down-
stream of the Gbg subunits (Andersson et al., 2004; Inouye
et al., 1997).
If Vps15 functions like a Gb protein, is there a corre-
sponding Gg? We postulate that Atg14 acts as the Gg in
this case. It was previously established that Atg14 exists
in a multiprotein complex that contains Vps34, Vps15,
and Vps30 (Aloy et al., 2004; De Camilli et al., 1996; Kihara
et al., 2001; Stack et al., 1995a). There is substantial se-
quence similarity between Atg14 and known Gg proteins
(data not shown). Moreover, binding to Vps15 protects
Atg14 from being rapidly degraded (Kihara et al., 2001),
and a similar relationship was established for binding of
Ste4 to Ste18 (Hirschman and Jenness, 1999). In contrast
to the more typical Gbg subunits, which are anchored to
the plasma membrane through prenylation and palmitoy-
lation of Gg (Finegold et al., 1990; Hirschman and
Jenness, 1999), the Vps15-Atg14 complex is instead
anchored to the membrane through myristoylation of the
Gb-like component Vps15 (Herman et al., 1991b).
A second unusual aspect of Gpa1 signaling is that it oc-
curs at the endosome. While it had long been assumed
that effector proteins function only at the plasma mem-
brane in conjunction with cell surface receptors and
G proteins, more recent observations have suggested
that this view is too simplistic (Sorkin and Von Zastrow,
2002). Heterotrimeric G proteins are frequently found at
non-plasma membrane compartments, including the
Golgi, endoplasmic reticulum, and even the nucleus
(Sorkin and Von Zastrow, 2002). Two papers published re-
cently have shown that G proteins in the nucleus act to
modulate the force that positions the mitotic spindle dur-
ing cell division (Afshar et al., 2004; Hess et al., 2004).
Activation of the G protein in this case requires a non-re-
ceptor, non-plasma membrane exchange factor called
RIC-8 (Couwenbergs et al., 2004; Tall et al., 2003). There
is no obvious yeast counterpart to mammalian RIC-8;
however, we speculate that a structurally distinct but func-
tionally analogous exchange factor could regulate Gpa1 at
the endosome. Gpa1 could also be activated by the pher-
omone receptor that has undergone endocytosis and
delivery to the endosome. We believe there must be
some role for the receptor, since pheromone sensitivity
is severely diminished in the absence of PtdIns 3-kinase.
Alternatively, Gpa1 signaling could be activated first by
Ste2 at the plasma membrane and subsequently by an-
other exchange factor located at the endosome. In this
scenario, there might be some important functional differ-
ences in the signal that originates from one location or the
other. For instance, signaling from the plasma membrane
may be more important during early events following
receptor activation, while signaling from the endosome
could allow for sustained responses long after the initial
stimulus and the receptors have undergone endocytosis
(Sorkin and Von Zastrow, 2002). The fact that Gpa1Q323L
can activate some but not all mating-related responses200 Cell 126, 191–203, July 14, 2006 ª2006 Elsevier Inc.suggests that there are indeed important functional differ-
ences between Gpa1 at the plasma membrane and Gpa1
at the endosome.
In summary, we used a genome-scale approach to
identify several new components of the pheromone-re-
sponse pathway; these represent the first additions to
this well-studied signaling system in recent memory.
This work builds on our surprising observation that an ac-
tivated (GTPase-deficient) allele of Gpa1 stimulates
events typically seen with mating pheromones. We have
now shown that these activation events require the core
components of the sole PtdIns 3-kinase in yeast, Vps15,
and Vps34. We went on to show that Gpa1 colocalizes
with Vps15 and Vps34, that Gpa1 binds directly to
Vps15 and Vps34 in a guanine nucleotide-dependent
manner, that activation of Gpa1 promotes an increase in
the PtdIns 3-P second messenger, and that Gpa1 pro-
motes translocation of a PtdIns 3-P binding protein
Bem1 to endosomes. Deletion or pharmacological inhibi-
tion of Vps34 abrogates all of theseGpa1 signaling pheno-
types and also leads to diminished efficacy and potency of
mating pheromone. Thus, genetic, cell biological, bio-
chemical, and pharmacological evidence support the
model that Vps34 is an effector for Gpa1. Unlike most
known effectors, Vps34 is active at the endosome rather
than at the plasma membrane, and it is stably associated
with the Gb-like protein. These differences illustrate how,
despite nearly three decades of intensive investigation,
there remain many variations of the G protein signaling
paradigm yet to be fully appreciated.
EXPERIMENTAL PROCEDURES
Strains and Plasmids
Standard methods for the growth, maintenance, and transformation of
yeast and bacteria and for themanipulation of DNAwere used through-
out. Yeast Saccharomyces cerevisiae strains used in this study were
BY4741 (MATa leu2D met15D his3D ura3D) BY4741-derived gene
deletion mutants (Invitrogen), and BY4741-derived strains containing
a C-terminal tandem affinity purification (TAP) tag (Open Biosystems).
The original vps15D mutant strain in the gene-deletion collection was
sterile and therefore remade by PCR amplification of the original dele-
tion cassette and transformation of the parent strain (from Stephen
Parnell, University of North Carolina). Monomeric RFP1 (‘‘RFP’’
throughout) was from Roger Tsien (University of California).
Yeast shuttle plasmids used were pRS316 (CEN, ampR, URA3),
pRS406 (ampR, URA3), and pAD4M (2 mm, ampR, LEU2, ADH1 pro-
moter/terminator). Expression plasmids described previously were
pAD4M-GPA1, pAD4M-GPA1Q323L, and pRS423-FUS1-lacZ (Guo
et al., 2003, and references therein). Plasmid pRS423-FUS1-LacZ-
GPA1Q323L was constructed by PCR amplification of a 3.3 kb fragment
from pAD4M-GPA1Q323L, including the ADH1 promoter and terminator
sequences flanking GPA1Q323L, followed by BamHI and SalI digestion
and ligation to the corresponding sites of pRS423-FUS1-lacZ. The
pRS316-VPS15 plasmid was generated by PCR amplification of
VPS15 from BY4741 genomic DNA, followed by SacI and SmaI diges-
tion and ligation to the corresponding sites of pRS316. pRS316-VPS34
was generated as described for pRS316-VPS15. VPS34N736K and
VPS15E200R in pRS316 were constructed using QuikChange (Strata-
gene). pYES-FLAG-Ste4-Myc was provided by Yuqi Wang (University
of North Carolina). Plasmid pRS406-GPA1Q323L-GFP wasmade as de-
scribed previously for pRS406-GPA1-GFP (Wang et al., 2005), except
using GPA1Q323L as the PCR template. Plasmid integrity was con-
firmed by restriction analysis and sequencing.
Genomic Screen for Novel Components of the Gpa1
Signaling Pathway
4847 gene deletion mutants were transformed, and b-galactosidase
activity was measured in the 96-well plate format, as described previ-
ously (Chasse and Dohlman, 2004). For the initial rounds of screening,
a single plasmid containing both GPA1Q323L and the transcription re-
porter (pRS423-FUS1-LacZ-Gpa1Q323L) was used. Each mutant was
assayed in triplicate, and differences were determined to be significant
if the normalized b-galactosidase activity was reduced to >30% of
wild-type activity. All candidates were confirmed by two additional
rounds of retransformation and rescreening. Validated mutants were
then transformed with separate reporter (pRS423-FUS1-lacZ) and ac-
tivating (pAD4M-GPA1Q323L) plasmids and retested.
Remaining mutants were transformed with the reporter plasmid
(pRS424-FUS1-lacZ) and an empty vector (pAD4M) and assayed for
transcription induction in response to a range of a factor pheromone
concentrations (Chasse and Dohlman, 2004). Strains that exhibited
pheromone-induced transcription activity of >30% of wild-type were
eliminated from consideration. The remaining deletion strains were
transformed with pAD4M-GPA1Q323L and evaluated for the ability to
block Gpa1Q323L-induced morphological changes (shmoo formation)
and by immunoblotting to confirmGpa1Q323L expression. Yeastmating
assays were performed essentially as before (Guo et al., 2003), using
BY4741-derived strains and the DC17 tester strain (MATa his1).
Cell-Extract Preparation and Analysis for MAPK
Phosphorylation
Yeast strains transformed with control vector (pAD4M) were grown in
20 ml of SCD-LEU to A600nm 0.8, divided in half, and either treated
with 3 mM a factor pheromone or left untreated at 30ºC for 40 min. Cell
extracts were resolved by 12% SDS-PAGE and immunoblotting with
p44/42 MAPK antibodies (Cell Signaling Technology) at 1:500. Protein
concentrationwas determined byDc protein assay (Bio-Rad Laborato-
ries). Where indicated, wortmannin (5 mM) in DMSO and ethanol (1:1)
or solvent alone was added to cell cultures (at 1:1666 dilution) for 1 hr.
Purification of TAP Fusion Proteins
Plasmids pAD4M-Gpa1, pAD4M-Gpa1Q323L, or pYES-FLAG-Ste4
were transformed into yeast strains expressing Vps34-, Vps15-,
Ste4-, or Gpa2-TAP or into wild-type cells. To induce FLAG-Ste4
expression, mid-log-phase cells were diluted to A600 0.2 in SCG-
URA medium (contains 2% galactose + 0.2% sucrose instead of 2%
dextrose) and grown to A600 1.0. Cells were disrupted by vortexing
with glass beads 8 3 30 s with cooling on ice in between. Lysates
were centrifuged at 6000 x g for 5 min and again for 25 min, and the
resulting supernatant was mixed with 10 ml of calmodulin affinity resin
(Stratagene) equilibrated with lysis buffer. After 2 hr gentle rotation at
4ºC, the beads were collected by centrifugation at 1000 3 g for 30 s.
Beads were washed four times with 1 ml of lysis buffer and then the
bound proteins were eluted with 30 ml of 23 SDS-PAGE sample buffer
at 100ºC for 10 min. Samples were resolved by 7.5% SDS-PAGE and
immunoblotting with anti-Gpa1 polyclonal or anti-FLAG monoclonal
antibodies (Sigma).
E. coli Expression of GST Fusion Proteins
PCR-amplified VPS34 and VPS15 open reading frames were annealed
to the gapped vector pMCSG7 (Stols et al., 2002) modified to replace
the6His tagwith aGST tag (fromJasonSnyder,University ofNorthCar-
olina), and transformed intoE. coli strainBL21 (DE3).Overnight cultures
from single colonies grown at 37ºC in Luria Broth supplemented with
100 mg/ml carbenicillin were diluted 1:83 into fresh medium and grown
to A600nm0.7. GST fusion protein expressionwas induced by addition
of 0.1 mM IPTG and incubating at room temperature for 5 hr with shak-
ing.Cellswere harvestedbycentrifugation, resuspended inBufferA (20mM Tris [pH 8.0], 200 mM NaCl, 5% glycerol, 1 mM DTT), at 4ºC and
homogenized using an Emulsiflex-C5 Homogenizer (Avestin Inc.).
Lysates were clarified by centrifugation at 12,000 3 g for 30 min, and
the resulting supernatant was mixed with glutathione Sepharose 4B
resin (Amersham Pharmacia Biotech AB) equilibrated with Buffer A
and incubated for 1 hr at 4ºCwith gentle rotation. The resin was collect-
ed by centrifugation at 5003 g for 5 min and washed three times with
Buffer A. GST fusion proteins were eluted in Buffer B (20 mM Tris
[pH 8.0], 200mMNaCl, 5% glycerol, 1 mMDTT, 10mM reduced gluta-
thione) and concentrated using Vivaspin (Vivascience AG) concentra-
tors. Purified 6His-Gpa1 was purified as described previously (Apano-
vitch et al., 1998) and was the kind gift of Dr. Jason Snyder.
E. coli-Expressed Protein-Protein Binding
GST-Vps34 and GST-Vps15 were reconstituted with 6His-Gpa1 on ice
for 30min in a total volumeof 20ml in binding buffer (20mMTris [pH8.0],
200 mMNaCl, 5% glycerol, 1 mM DTT, 3 mMMgCl2, 10 mMGDP) with
or without 10 mM NaF and 30 mM AlCl3 (‘‘AlF4
-’’). After incubation, the
samples were diluted with binding buffer and mixed with 100 ml of
10% slurry of Glutathione Sepharose 4B resin equilibrated with recon-
stitution buffer. The total binding volumewas 500 mL. The final concen-
tration of Gpa1 in the binding reaction was 140 nM. Because of their
large size, the GST fusion proteins were expressed at very low levels
and partially degraded, so concentrations could not be determined
accurately. Proteinswere incubatedwith resin for 2 hr at 4ºCwithgentle
rotation, thencentrifugedat 5003g, andwashed three timeswithbind-
ing buffer. Bound proteins were eluted with 40 ml of 23 SDS-PAGE
sample buffer at 100ºC for 10 min and resolved by 10% SDS-PAGE
and immunoblotting with anti-Gpa1 or anti-GST antibodies.
In Vivo [3H]-Myo-Inositol Cell Labeling
and Phospholipid Analysis
Yeast cells transformed with either pAD4M-GPA1Q323L or vector con-
trol were grown in inositol-free selective medium plus [3H]-Myo-inosi-
tol, and the incorporated lipids were extracted using methods
described previously with similar results (Bonangelino et al., 2002b;
Guo et al., 1999).
Microscopy Analysis
Yeast cells containing plasmid-borne GPA1Q323L-RFP or integrated
GPA1-GFP, GPA1Q323L-GFP, BEM1-GFP, VPS34-GFP, and organelle
markers fused to RFP (from Erin O’Shea, University of California) (Huh
et al., 2003) were grown to A600nm 1.0 and visualized by differential
interference contrast and fluorescence microscopy using a Nikon
eclipse E600EN, photographed with a Hamamatsu digital camera,
and analyzed with MetaMorph Version 5.0 software.
Structure Analysis
The yeast Vps15 sequence was submitted to the Structure Prediction
Meta Server (www.bioinfo.pl/meta/) to identify structural templates for
homology modeling. Models of the b propeller domain of yeast Vps15
were built guided by the alignments returned from the fold-recognition
servers, using the Modeler module of the InsightII molecular modeling
system from Accelrys Inc (www.accelrys.com) with the seven-bladed
Gbt (PDB ID 1A0R) and the eight-bladed Cdc4 (PDB ID 1NEX) as tem-
plates. The homology models were evaluated for sequence-structure
compatibility using the Verify-3D function of the Profiles-3D module
from InsightII. A homologymodel for yeast Gb1 was generated in a sim-
ilar manner. All top hits from themeta and fold-recognition servers pre-
dicted seven or eight b propellers; the highest-scoring homology
model and the most frequent prediction was for a seven-bladed struc-
ture, with a score of 0.45.
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